The effect of heating and thermoplastic deformation on the fracture stress of Zr 55 Cu 30 Al 10 Ni 5 and Zr 60 Cu 25 Al 10 Ni 5 bulk metallic glass at room temperature (RT) was studied. These metallic glasses were easily crystallized by the influence of heating beyond their upper limit temperature of 685 K and 713 K, respectively. The fracture stress was maintained the strength of material as cast below these temperatures while it decreased easily by crystallization. It was possible to deform these materials below these temperatures. Their strength after thermoplastic deformation depended on the amount of strain, strain rate, and temperature during the deformation. The lower temperature and higher strain rate resulted in high strength after thermoplastic deformation at RT.
Introduction
Recently, many bulk metallic glasses with various components have been developed. There is a high likelihood that bulk metallic glass will be used for many practical applications. 1, 2) In particular, the Zr-based alloy system is one of the best glass formers and exhibits excellent mechanical properties.
3) Its high strength can enable bulk metallic glass to be applied as a mechanical and structural material. In general, bulk metallic glass can show super-plastic deformation at high temperature conditions, while it is difficult to cause plastic deformation of metallic glass at room temperature (RT). 4, 5) On the other hand, it is reported that the atomic structure and thus the mechanical properties of bulk metallic glass can be transformed by the influence of heat or deformation at high temperature. [6] [7] [8] [9] [10] To apply bulk metallic glass to engineering, it is important not only to determine its strength properties and workability but also to propose a way to maintain or improve the mechanical properties after deformation in order to expedite the industrial use of bulk metallic glass. In particular, it is necessary to sustain its original fracture strength even after a thermal process such as annealing or hot working. Therefore, we studied its effect on the mechanical properties, in particular on the fracture stress at RT, of Zr 55 Cu 30 Al 10 Ni 5 and Zr 60 Cu 25 Al 10 Ni 5 bulk metallic glass by heating or deforming in high temperature conditions experimentally.
In this paper, for these bulk metallic glasses, three problems were focused upon. The first one was the dependence of the fracture stress and the atomic structure at RT after cooling on only the heating temperature. This was intended to indicate the temperature condition to maintain the structure and strength. The second was the possibility of plastic deformation under the abovementioned condition. Finally, it was discussed whether such thermoplastic deformation affects the fracture stress at RT after cooling. , although it changes with the heating rate. The specimens were mechanically cut to a suitable shape for the tensile and compressive tests from a sheet-shaped bulk metallic glass provided with a thickness of 2 mm.
Experimental Method
Two thermal and mechanical experiments were performed for these bulk metallic glasses. The first one was to study the thermal influence of the heating temperature on their strength properties after cooling to RT. The second was to observe its thermoplastic deformation behavior in various conditions and to clarify the effect of thermoplastic deformation on the fracture stress at RT after cooling.
Influence of heating conditions on strength at RT
At first, the specimen prepared for the mechanical experiments was heated in a muffle furnace at 450 K, 520 K, 600 K, 640 K, 685 K, 690 K, 710 K, and 760 K as the set values of the furnace for 60 min at each temperature. At the same time, the surface temperature of the specimen was measured with a thermocouple. All specimens were cooled with water after heating. Then, a uniaxial mechanical test was performed with a loading test machine (Autograph AG-10TC Shimadzu Ltd. Co.) until their fracture at RT. To study the change in their atomic structure by heating, an X-ray diffractometer (XRD) was used for the pieces (5 Â 5 Â 2 mm) of Zr 55 Cu 30 Al 10 Ni 5 bulk metallic glass heated under the same conditions.
Effect of thermoplastic deformation on strength at
RT The specimens prepared for the tensile test were deformed in the tensile machine attached to an electric furnace (Autograph AG-G20kN Shimadzu Ltd. Co.) at various conditions of temperature and strain rate. To study the strength properties at RT after thermoplastic deformation, the deformation was stopped before the fracture. For the Zr 55 Cu 30 Al 10 Ni 5 bulk metallic glass, the temperature conditions were set from 645 K to 710 K and the strain rate was fixed at 1:0 Â 10 À4 s À1 . For the Zr 60 Cu 25 Al 10 Ni 5 bulk metallic glass, the temperature condition was fixed at 673 K and the strain rate was changed from 5:0 Â 10 À5 s À1 to 3:0 Â 10 À3 s À1 . We changed the strain stopping thermoplastic deformation as well. During the deformation test at high temperature, the surface temperature of the specimen was measured with the thermocouple.
After deformation at high temperature, the specimens were cooled gradually in the electric furnace, and then they were attached to the loading machine AG-10TC and fractured at RT while measuring the load and strain. The strain under a hot condition was estimated by the initial gauge length of the specimen and the crosshead displacement of the loading machine. On the other hand, it was measured directly with strain gauges for the mechanical test at RT. Figure 1 shows the transitions of surface temperature T of Zr 55 Cu 30 Al 10 Ni 5 bulk metallic glass for time t during each heating condition. In Fig. 1 , an exothermic peak appeared on the temperature-time line of the specimens undergoing the process at a temperature more than 685 K, while no peak appeared on the line of the specimens heated below this temperature. As the holding temperature in the muffle furnace was raised, this peak shifted to a high temperature in a short time. From XRD analysis, it was clearly shown that these exothermic peaks indicated the crystallization of the material because the XRD pattern changed from a broad halo pattern characterizing the amorphous structure to a pattern with sharp peaks indicating the crystalline structure as the temperature of the heating process was increased. 11) It is important in mechanical engineering to consider that the strength properties, in particular its fracture stress, can change by the crystallization due to some heating process. Figure 2 shows the influence of temperature T during heating on the fracture stress f of Zr 55 Cu 30 Al 10 Ni 5 bulk metallic glass at RT. The fracture stress of the material after heating below 685 K maintained the value almost similar to strength as cast. In the case of the as cast materials, the difference between the tensile and compressive test was attributed to the effect of a slight normal stress in the dominant shear stress region reported as the Mohr-Coulomb model 12, 13) because of the observation of a clear shear angle on the fractured part. However, by exceeding the temperature of 685 K during heating, both the tensile and compressive fracture stresses became less than 20% of those of the as cast material.
Result and Discussion

Influence of heating conditions on strength at RT
11) The metallic glass is generally crystallized due to the crossing of its specific time-temperature-transformation curve. This curve is a function of time and temperature, similar to that in Figure 1 . Our heating method, which is one of the most basic methods, caused this bulk metallic glass to crystallize easily in a short time at a temperature greater than 685 K in the furnace. This temperature is lower than T X indicated in the TTT curve based on the DSC measurement. T X decreases with the heating rate. In the method in which the specimen is heated by increasing the temperature around it, the heating rate gradually reduces near the setting temperature. Then, the actual T X will be lower than the temperature estimated from the elapsed time. On the other hand, from the study with the DSC, no exothermic heat was observed after keeping at 685 K for 6 h. It is supposed that this duration was longer than practical hot working. Thus, it can be considered that Zr 55 Cu 30 Al 10 Ni 5 bulk metallic glass is crystallized beyond 685 K by the common industrial heating method. This temperature is suggested as a practical upper limit for Zr 55 -Cu 30 Al 10 Ni 5 bulk metallic glass.
We observed the existence of the upper limit temperature to be near 713 K for Zr 60 Cu 25 Al 10 Ni 5 bulk metallic glass by the same series of experience.
The upper limit temperature of Zr 55 Cu 30 Al 10 Ni 5 bulk metallic glass is almost equal to T g while that of Zr 60 -Cu 25 Al 10 Ni 5 bulk metallic glass is higher than T g . It is supposed that this difference results from the thermal property that the material shows until its crystallization beyond T g . On the DSC curve of our measurement, the bending at T X of the Zr 60 Cu 25 Al 10 Ni 5 bulk metallic glass is exhibited more clearly than Zr 55 Cu 30 Al 10 Ni 5 . This shows that the Zr 55 Cu 30 Al 10 Ni 5 bulk metallic glass gradually exhausts the heat accompanying its crystallization at a lower temperature than T X beyond T g , while the Zr 60 Cu 25 Al 10 Ni 5 bulk metallic glass hardly crystallizes until a much higher temperature than T g . 
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3.2 Effect of thermoplastic deformation on strength at RT To maintain the strength property of the bulk metallic glass for practical industrial hot working, it is necessary that the environment temperature is maintained below its specific upper limit temperature. Because of the difficulty of its plastic deformation at RT, some amount of hot working is inevitable for the industrial application of bulk metallic glass. Thus, workability at a temperature less than the upper limit is necessary. Figure 3 shows the stress-strain curve of the Zr 55 Cu 30 -Al 10 Ni 5 bulk metallic glass during the thermoplastic tensile deformation behavior corresponding to the environment temperature at a strain rate 1:0 Â 10 À4 s À1 . It was confirmed clearly that plastic deformation was possible at a temperature 40 K lower than 685 K as its upper limit.
11 ) The maximum stress for all the temperature conditions was lower than its fracture stress f at RT, i.e., its maximum stress at RT, while it increased with a decrease in the environment temperature. Furthermore, Figure 4 shows the tensile stress-strain curves of the Zr 60 Cu 25 Al 10 Ni 5 bulk metallic glass at various strain rates at 673 K, which is estimated to be 40 K lower than its upper limit. Each end of the line in Fig. 4 does not indicate the fracture point because we stopped the deformation to study our following experiments. In Fig. 4 , the plastic deformation was observed specifically at this temperature, while its behavior strongly depended on the strain rate as reported already. 1, 5, 13) In engineering, it is necessary to determine whether these materials can be maintained at the same strength as that of the as cast ones after each deformation in the hot condition because a change in the structure induced by the deformation has been reported for various bulk metallic glasses.
7-10) Thus, we studied the tensile fracture stress f of each material at RT after deforming in a hot condition and cooling. Figure 5 shows the fracture stress f of the Zr 60 Cu 25 Al 10 Ni 5 bulk metallic glass corresponding to the amount of strain " T¼673 K that stopped the deformation for strain rates _ " " p of 5:0 Â 10
, and 3:0 Â 10 À3 s À1 at 673 K. In the case of the strain rate of 1:0 Â 10 À3 s À1 and 3:0 Â 10 À3 s À1 , the fracture stress at RT was maintained to be the same as the as cast one. On the other hand, when the strain rate became lower, the fracture stress at RT decreased with the increase in deformation strain. This temperature is lower than the upper limit temperature that can induce the crystallization of the Zr 60 Cu 25 Al 10 Ni 5 bulk metallic glass. In fact, the longest time of thermoplastic deformation in Fig. 5 is 5.2 h, and the crystallization induced only by the heat could not be found for 6.0 h at 673 K by the DSC measurement. Thus, the fracture stress after deformation depends on the strain during deformation. Figure 6 shows the relation between the tensile fracture stress f of the material at RT deformed up to a strain of 0.9 at 673 K and the strain rate _ " " p during each thermoplastic deformation. The fracture stress of the material after deformation increased as the strain rate increased from 5:0 Â 10 À5 s À1 to 4:0 Â 10 À4 s À1 , and over the strain rate of 4:0 Â 10 À4 s À1 , it maintained an almost constant value equal to the fracture stress of the as cast Zr 60 Cu 25 Al 10 Ni 5 bulk metallic glass. It is under investigation whether a decrease in the fracture stress depends on the crystallization as mentioned above. Furthermore the crystallization induced by the strain has been already reported by several references, [13] [14] [15] although the mechanism is not clarified. This crystallization may be considered as follows. The plastic deformation of bulk metallic glass results from the viscous flow of atoms instead of sliding. Therefore, the orientation of atoms will shift gradually with the plastic deformation. It is supposed that some atoms move into a more stable crystallized state because their energy in bulk metallic glass is higher than that in the crystallized state. With plastic deformation, that is the increase in the plastic strain, the number of stabilized atoms will probably increase. Thus, it can be considered that the decrease in the strength (shown in Figs. 5 and 6) was also induced by a change in its atomic structure with the plastic deformation. It is important in mechanical engineering to note that the decrease in this strength was brought about by the progress of deformation at a high temperature and it depended on the strain rate and temperature during the deformation. However, the experimental results also indicate that a lower temperature and faster strain rate prevents the strength at RT after deformation from decreasing. Thus these bulk metallic glass are promising practical use as a mechanical structure material because these conditions not only realize the deformation for various shapes but also maintain the excellent strength properties of these materials as cast.
Conclusion
The effect of thermoplastic deformation on the mechanical properties of Zr 55 Cu 30 Al 10 Ni 5 and Zr 60 Cu 25 Al 10 Ni 5 bulk metallic glass at RT was studied from the standpoint of practical applications and mechanical engineering. These materials had an upper limit temperature behind which their crystallization was induced during the heating method by controlling the environment temperature. The crystallization by this method caused a decrease in the fracture strength at RT although the as cast materials have a very high strength more than 1500 MPa. However, it was possible to deform these materials below each upper limit temperature. On the other hand, our results showed that the fracture stress at RT after thermoplastic deformation depended on the amount of strain, strain rate, and temperature during deformation. A lower strain rate, larger amount of strain, and higher temperature during deformation tended to decrease the strength at RT after hot working. In other words, for a faster deformation and lower temperature, the strength at RT after some hot working can prevent the strength from decreasing until larger amount of strain. Furthermore, the temperature can be reduced to prevent the strength after deformation from decreasing because these materials exhibited workability by plastic deformation over a wide range of temperatures below the crystallizing temperature. Therefore, these results show that it is advantageous to use bulk metallic glass for industrial use as a structural material, because these conditions realize a faster plastic working and a lower equipment investment for a furnace. It can be suggested that the relation between the fracture stress at RT after deformation and the condition during hot working makes these bulk metallic glasses more useful practically. Thermoplastic Deformation and Mechanical Properties of Zr-Based Bulk Metallic Glasses
